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 The effects of polyamines as odorants to goldfish olfactory receptors were investigated 
by in vivo electrophysiological recordings.  Electro-olfactogram (EOG) recordings indicated that 
polyamines (putrescine, cadaverine and spermine) are potent olfactory stimuli for goldfish with 
estimated electrophysiological thresholds of 10-8-10-7M, similar to that for L-arginine, the most 
stimulatory amino acid.  Although thresholds were similar, the magnitude of the EOG responses 
to intermediate and high concentrations of polyamines dwarfed those to amino acids and single 
amine containing compounds (amylamine and butylamine).  The EOG responses to 0.1mM 
putrescine, cadaverine and spermine were, respectively, 4.2x, 4.3x and 10.3x that of the standard, 
0.1mM L-arginine.  Electrophysiological cross-adaptation experiments indicated the 
independence of polyamine receptor sites from those to L-amino acids (arginine, methionine, 
alanine, glutamate, lysine and ornithine), bile salts (Na+ taurocholate and taurolithocholate), 
single amine containing compounds, and ATP.  Further, cross-adaptation experiments indicated 
that independent receptors exist for the different polyamines tested.  During continuous 
application of forskolin (5-20µM), an adenylate cyclase activator, EOG responses to bile salts 
were eliminated, while responses to L-amino acids, polyamines and ATP were only partially 
attenuated.  These results suggest that polyamine odorants, in contrast to bile salt, L-amino acid 
and nucleotide odorants are transduced by a non-cAMP second messenger pathway.  Although 
polyamines result in large EOG responses, olfactory receptor neurons responding excitedly to 
polyamines are likely few in number, because polyamine application to the olfactory mucosa 
failed to increase integrated multi-unit activity recorded from the sensory surfaces of olfactory 
lamellae.  Preliminary data suggest that olfactory bulb neurons that respond excitedly to L-amino 
acids are inhibited by polyamines.  The present results indicate polyamines are potent odorants to 
goldfish, distinct from L-amino acids, bile salts and nucleotides. 
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Chapter 1. Introduction 
 Teleosts utilize chemosensory modalities, such as olfaction and taste, to detect water-
soluble compounds, which convey information about the surrounding aquatic environment.  Five 
classes of naturally occurring compounds (amino acids, bile salts, nucleotides, gonadal steroids 
and prostaglandins) were identified as behaviorally relevant olfactory cues for teleosts that 
mediate behaviors ranging from feeding and predator detection to social interactions and 
reproductive synchrony (Sorensen and Caprio 1998).  The current study provides 
electrophysiological evidence for a sixth class of odorants, polyamines, which are naturally 
occurring aliphatic polycations found widely distributed in biological materials.  Intracellular 
concentrations of polyamines were reported in the milli-molar range for unicellular (E. coli) and 
multi-cellular organisms (rat and human) (Tabor and Tabor, 1976; Ortiz et al., 1983).  
Intracellular polyamines are important in a variety of fundamental cellular processes including 
cell growth, cell division (Tabor and Tabor, 1984) and ion channel modulation (see discussion).  
In addition, a previous study indicated that concentrations of putrescine and cadaverine were 
correlated with the degree of decomposition of certain aquatic animals (Mietz and Karmas, 
1978).  Since polyamines are products of degradation and are distributed ubiquitously, teleosts 
would likely encounter them in the surrounding aquatic environment, making polyamines 
putative odorant candidates.  To my knowledge, previous studies have not identified polyamines 
as odorant stimuli for any teleost.  However, single olfactory sensillum recordings from 
Anopheles gambiae Giles s.s. and quadriannulatus Theobald indicated that butylamine (a single 
amine containing compound) was a potent odorant for two species of mosquito (van den Broek 
and den Otter, 2000).   
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In teleosts, odorant detection and discrimination begins at the level of the olfactory 
receptor neurons (ORNs) located within the sensory epithelium lining the lamellae and the 
midline raphe of the olfactory organ.  ORNs display odorant receptors embedded within the 
plasma membrane of cilia and microvilli which, protrude from the dendritic knob at the apical 
surface of the sensory epithelium.  The primary sequences of these molecular olfactory receptors 
suggest they are members of the seven transmembrane domain G protein-coupled receptor 
superfamily (Buck and Axel, 1991; Cao and Stryer, 1998; Speca et al, 1999; Mombaerts, 1999).  
Activation of the receptor through odorant binding leads to a G protein-dependent increase in the 
cytosolic concentrations of either cyclic adenosine 3’, 5’-monophosphate (cAMP) or inositol 
1,4,5-trisphosphate (IP3) (Bruch, 1996; Schild and Restrepo, 1998).   
 For mammals and amphibians, odorants activate the cAMP pathway via Golf (a 
heterotrimeric G protein) (Jones and Reed, 1989) and stimulation of the type III adenylate 
cyclase (Bakalyar and Reed, 1990), which converts ATP to cAMP.  Increasing the cytosolic 
cAMP concentration activates a cyclic nucleotide-gated channel conductance (Nakamura and 
Gold, 1987) of sodium and calcium, leading to depolarization.  Calcium potentiates further 
depolarization by binding to and activating a calcium-gated chloride channel allowing for 
chloride efflux (Kleene and Gesteland, 1991; Kurahasi and Yau, 1993; Lowe and Gold, 1993). 
 For teleosts, the majority of the evidence suggests that olfactory receptor activation 
promotes phospholipase C (PLC) activity (Huque and Bruch, 1986) via another heterotrimeric G 
protein, Gq.  PLC conversion of phosphatidylinositol 4,5-bisphosphate (PIP2) to IP3 leads to 
membrane depolarization via an IP3-gated cation channel permeable to sodium and calcium.  
Again, at least for freshwater fish, calcium potentiates further depolarization by activating a 
calcium-gated chloride channel leading to chloride efflux.   
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Either transduction cascade initiates ionic conductances that elevate the membrane 
potential above threshold.  This action results in the generation of action potentials and the 
subsequent flow of odorant information along the ORN axon to the olfactory bulb, the initial 
odor-processing center within the central nervous system. 
 The current study examines polyamine odorant detection and processing in the peripheral 
goldfish olfactory system.  The results of the current study: (1) characterize polyamine 
responsiveness based on EOG and integrated multi-unit recordings, (2) provide evidence for the 
relative independence of polyamine olfactory receptor sites from receptor sites for other known 
classes of odorants to fish and (3) suggest polyamine odorant information is transduced by a non-
cAMP signaling pathway. 
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Chapter 2. Materials and Methods 
Experimental Animals 
Goldfish, 7.6-12.7cm sexually immature shubunkins (Carassius auratus), were obtained 
from a local pet store and from the Department of Fisheries and Wildlife, University of 
Minnesota (courtesy of Dr. Peter Sorensen).  Fish were held in the Louisiana State University 
Animal Care Facility in 190 liter aquaria filled with charcoal-filtered tap water (CFTW) and 
maintained on a 12:12 light/dark regime until used for experimental testing.  The fish were fed a 
daily diet of floating commercial fish chow. 
Animal Preparation 
 The procedures outlined below are in accordance with a protocol approved by the 
Institutional Animal Care and Use Committee (LSU School of Veterinary Medicine).   
Each goldfish was immobilized with an initial intramuscular injection of Flaxedil 
(gallamine triethiodide, 0.015mg/25g body weight).  Subsequent injections of Flaxedil were 
provided as needed during experimentation via a hypodermic needle embedded in the flank 
musculature.  After immobilization, the goldfish was wrapped in a wet Kim Wipe and secured 
with lateral body clamps in a custom-made Plexiglas container; the head was stabilized with a 
metal mouthpiece.  The gills were irrigated via a constant flow of CFTW containing the general 
anesthetic, MS-222 (ethyl-m-aminobenzoate methane sulfonic acid; initial concentration, 
0.00025%; Sigma Chemical, St. Louis, MO).  A topical anesthetic, tetracaine (3%), was applied 
to the surgical area ten minutes prior to surgery.  Minor surgery was performed to remove the 
skin and connective tissue superficial to the olfactory rosette and olfactory bulb which facilitated 
electrode placement.  For preparations in which recordings within the central nervous system 
were obtained, the MS-222 laden CFTW was replaced with fresh CFTW not containing MS-222.  
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However, this step was omitted from preparations in which activity only from the olfactory 
organ was recorded. 
Stimulus Solutions and Delivery 
 The odorants included L-amino acids [acidic (glutamate), basic (arginine, lysine and 
ornithine), short side-chain neutral (alanine), and long side-chain neutral (methionine)], amines 
(putrescine, cadaverine, spermine, butylamine and amylamine), bile salts [sodium salts of 
taurocholic acid (TCA) and taurolithocholic acid (TLCA)], adenosine-5’-triphosphate (ATP) and 
glutaric acid.  All chemical stimuli were purchased from Sigma (St. Louis, MO) and were of the 
highest purity available.  Stock solutions of amino acids, glutaric acid and amines were made 
weekly using CFTW; bile salts and ATP were made using Milli Q water.  All stock solutions 
were pH adjusted to match control water (pH~8.7) bathing the olfactory mucosa and refrigerated 
when not in use.  Stock solutions of ATP were frozen (-20oC) in 1ml aliquots for up to one 
month.  Stock solutions were diluted daily to experimental concentrations (10-3-10-8M) with 
CFTW.  Analysis of the CFTW by the Dionex AAA-Direct Amino Acid Analysis System 
indicated that no free amino acids were present (sensitivity in the mid femtomole to low 
picomole range). 
Stimulus delivery was via a “gravity-feed” system employing a spring-loaded valve 
driven by a pneumatic actuator at 45psi.  Stimulus solutions and the CFTW used to bathe the 
olfactory epithelium were delivered through separate Teflon tubes (diameter 0.8mm) to the 
olfactory mucosa at a flow rate of 5-7 ml/min.  A foot switch connected to an electronic timer 
(Model 645, GraLab Instruments Division, Dimco-Gray Corporation, Centerville, OH) triggered 
the valve to introduce the stimulus for 3s applications.  CFTW continuously perfused the 
olfactory mucosa to 1) prevent the mucosa from desiccating, 2) facilitate stimulus delivery, 3) 
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avoid the introduction of mechanical artifacts associated with stimulus presentation and 4) rinse 
the olfactory organ clear of any residual stimuli for a minimum of two minutes between stimulus 
applications. 
Pharmacological Agents 
 Forskolin (an adenylate cyclase activator; Sigma Chemical, St. Louis, MO) and 1,9-
deoxyforskolin (an inactive analog of forskolin; Calbiochem, La Jolla, CA) were dissolved in 
dimethyl sulfoxide (DMSO) and added to CFTW to result in 10-4M stock solutions.  Forskolin 
and 1,9-deoxyforskolin were refrigerated when not in use for up to one week during 
experimental testing.  DMSO controls were adjusted in concentration to match those used to 
dissolve the pharmacological agents. 
Electrophysiological Recording Techniques 
 The underwater EOG, a slow DC potential change in the water above the olfactory 
mucosa, is suggested to be the summed generator potentials of the responding ORNs in response 
to odorant molecules (Ottoson, 1971; Caprio, 1995).  EOG recordings were obtained in vivo with 
calomel electrodes via Ringer’s-agar-filled capillary pipettes (tip diameter, 100-500µm).  The 
pipette of the active electrode was positioned near the midline raphe of the olfactory rosette at a 
location that maximized the EOG response to 0.1mM L-arginine; the pipette of the reference 
electrode was placed against the skin adjacent to the olfactory cavity.  The fish was grounded via 
a hypodermic needle inserted into the flank musculature.  The EOG was amplified (Grass P-18; 
Astro-Med Inc., West Warwick, RI), displayed on an oscilloscope, digitized (Model DR-390, 
Neuro Data Instruments Corp.), stored on a video channel of a Hi-fi video recorder and recorded 
on a chart recorder for visual analysis.  During the experiments, the standard (0.1mM L-arginine) 
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was applied intermittently; if the initial and final responses to the standard differed by >25%, 
these data were excluded from analysis. 
 In vivo recordings of multiunit ORN activity were made using metal-filled glass capillary 
electrodes plated with platinum (Pt) (ball diameter, ~20µm; cross-sectional area of ~300µm2; 
impedance, 10-40KΩ) placed against the sensory face of an olfactory lamella (Gesteland et al., 
1959; Caprio, 1995).  The electrode was r.c.-coupled (220 pF capacitor, 20MΩ resistor) to a high 
impedance probe at one input with the other input grounded via a hypodermic needle embedded 
in the flank musculature of the fish.  The receptor neural activity was amplified (Grass P511; 
bandpass 30-300 Hz), observed on an oscilloscope, integrated (0.5 sec) and displayed on a pen 
recorder.  This amplified signal was stored on a video channel of a Hi-fi video recorder. 
 Single unit activity was recorded extracellularly from olfactory bulb neurons with low 
impedance (2-3.5 MΩ) platinum and gold-plated, metal-filled glass micropipettes (glass tip, 
2µm; ball diameter, 3-5µm) [modified from (Gesteland et al., 1959; Caprio, 1995; Nikonov et al. 
2002)].  Soda lime glass [inner diameter 1.1-1.2mm, thin wall (0.2mm)] was pulled on a vertical 
puller (Narishige PP-83) to provide a 1.5-2µm tip.  A small rod of Cerrelow metal was inserted 
into the glass pipette and melted on a hot plate while being pushed with a metal rod (which also 
acted as a heat sink) toward the pulled tip of the glass.  The electrode was electroplated for ~5sec 
(1.5V battery through a 10MΩ resistor) with gold (code 3023, Sifco, Cleveland, OH) to form a 
2-5µm ball followed by a Pt (5% Pt chloride) coating electroplated (5sec through a 50 MΩ 
resistor) over the gold.  Final impedance of the electrode was 2-3.5MΩ depending on the size of 
the electroplated ball.  The electrode was mounted on a hydraulic microdrive and advanced 
vertically downward from the dorsal surface of the olfactory bulb.  Recordings began once a 
spontaneously active unit was encountered and clearly isolated by fine-tuning of the position of 
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the recording electrode via a remote fluid-filled microdrive.  The neural activity was amplified 
(Grass Instruments P511; bandpass 30-10,000Hz), observed with an oscilloscope, and stored as 
an analog signal on an audio channel of a high-fidelity VCR. 
Cross-adaptation Paradigm 
Electrophysiological cross-adaptation experiments consisted of three stages: pre-
adaptation, adaptation and post-adaptation.  Initially, the concentrations of the test stimuli were 
adjusted to provide approximately equal EOG response magnitude.  Some cross-adaptation 
experiments involved mixtures of odorants, in which case each component of a stimulus mixture 
was also adjusted in concentration to result in an approximately equal EOG response magnitude 
when tested individually.   
Adaptation to an odorant suppressed the EOG responses to varying degrees to some test 
stimuli while not affecting the responses to others.  Responses to test stimuli that were 
suppressed to control level (complete adaptation) were considered to share the same receptor 
site(s) and/or the same transduction process as the adapting stimulus.  Responses to test stimuli 
that were significantly greater than control level were considered to have at least partially 
independent receptor site(s) and/or transduction processes from the adapting stimulus.  The 
general cross-adaptation paradigm is outlined below. 
 During pre-adaptation, CFTW continuously bathed the olfactory mucosa for a minimum 
of ten minutes prior to stimulus application.  The adjusted concentrations of the test stimuli 
ensured that potent and weak stimuli were approximately equipotent.  CFTW served as the 
control during pre-adaptation. 
 During the adaptation stage, the adapting solution at the previously adjusted 
concentration continuously bathed the olfactory mucosa for a minimum of ten minutes prior to 
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stimulus application.  All stimuli tested during the adaptation paradigm were dissolved in the 
adapting solution.  Controls were aliquots of the adapting solution and CFTW, respectively. 
 During post-adaptation, CFTW continuously bathed the olfactory mucosa for ten minutes 
prior to stimulus application.  Stimuli and controls were identical to those described during pre-
adaptation. 
Statistical Analysis 
 The data were analyzed with a one-way ANOVA with StatMost Version 3.5 (2001; 




Chapter 3. Results 
EOG Recordings to Polyamines 
EOG recordings in response to the polyamines, putrescine, cadaverine and spermine, and 
the amino acid standard, 0.1mM L-arginine (one of the more potent amino acid stimuli for 
goldfish; Zippel et al., 1997), were recorded in vivo.  Although EOG recordings indicated that 
thresholds for polyamines and L-arginine were similar in this study (10-8-10-7M), at all supra-
threshold concentrations tested (10-6-10-3M), polyamines evoked a vastly larger response than the 
standard with the magnitude of the response dependent upon odorant concentration (Figures 1, 2 
and 3).  At equivalent concentrations (0.1mM), putrescine, cadaverine and spermine elicited 
EOG responses 4.2 ± 0.1x (mean ± SE), 4.3 ± 0.1x and 10.3 ± 0.4x greater than the standard, 
respectively (Figures 1A-C, 2 and 3), which evoked an EOG response of 0.4 ± 0.2 mV (mean ± 
SD; n=10 fish).  In addition, polyamines elicited greater EOG response magnitudes than single 
amine containing compounds (amylamine and butylamine; deaminated analogs of cadaverine 
and putrescine, respectively) (Figure 3).   
Polyamines Bind Olfactory Receptor Sites Independent from Other Known Classes of Odorants 
 Electrophysiological cross-adaptation experiments utilizing mixtures of odorants indicate 
that polyamines bind odorant receptors at least partially independent from those bound by L-
amino acids, bile salts, or ATP.  Polyamines, tested during continuous presentation to the 
olfactory organ of either L-amino acids, bile salts or ATP, elicited a response significantly 
greater than that to the adapting stimulus (one-way ANOVA; Tukey post hoc, p<0.05), but of 
comparable magnitude to that of odorants representing separate odorant classes (positive 
controls) (Figures 4A-C and 5A-C).  Further, adaptation to a mixture of polyamines did not 













ANOVA; Tukey post hoc, p<0.05) (Figure 4D and 5D).  The response to the adapting stimulus, 
however, was reduced by >95% of the unadapted response in all trials and served as the negative 
control. 
Adaptation to spermine alone, but not to putrescine or cadaverine, resulted in partial 
cross-reactivity with L-arginine, L-lysine, and L-ornithine, reducing the magnitude of the 
response to these compounds to 51% to 62% of the unadapted response (Figures 6C and 7C).  
However, the EOG responses to amino acids during spermine adaptation remained significantly 
greater than the response to the adapting solution (one-way ANOVA; Tukey post hoc, p<0.05). 
Multiple Receptor Sites for Polyamines 
 To determine if putrescine, cadaverine and spermine bind to a generic polyamine receptor 
site or to different polyamine receptor sites, EOG responses to each polyamine were recorded 
during adaptation to a single polyamine.  During adaptation to one of the three tested 
polyamines, EOG responses to a specific polyamine were reduced by >95% of the unadapted 
response.  The magnitude of the response to the remaining two polyamines was significantly 
greater than the negative controls ranging from 42% to 72% of the unadapted response (one-way 
ANOVA; Tukey post hoc, p<0.05) (Figures 6A-C and 7A-C). 
Polyamine Receptors are Independent from Amine Receptors 
To further investigate the independence of polyamine receptor sites from single amine 
containing compounds, the deaminated analogs of cadaverine and putrescine, amylamine and 
butylamine, respectively, were tested during adaptation to polyamines.  Single amine containing 
compounds elicited responses that ranged in magnitude from 68% to 79% of the unadapted 
response during polyamine adaptation (Figures 6B-C and 7A-C).  Adaptation to polyamines did 







compounds, suggesting that polyamine receptor sites do not bind single amines with high affinity 
(one-way ANOVA; Tukey post hoc, p<0.05). 
Effects of Forskolin on Odor Evoked Responses 
In contrast to bile salts, odor evoked responses to polyamines were not attenuated to 
control levels by the forskolin treatment (one-way ANOVA; Tukey post hoc, p<0.05).  Since 
forskolin application to the olfactory mucosa elicited a robust EOG response, the forskolin 
concentration was adjusted so the resultant EOG response was approximately equivalent to that 
of the odorant stimuli.  The following experiment was performed based on the assumption that 
the forskolin treatment would decrease the number of adenylate cyclase molecules available for 
G protein coupled receptor activation resulting in an attenuation of the response to odorants 
utilizing the cAMP second messenger pathway for signal transduction.  During adaptation to 
forskolin (5-20µM), the magnitude of the EOG response to a mixture of bile salts (TCA and 
TLCA) was reduced to 3±9% (mean±S.D.), L-amino acids (arginine, methionine, glutamate and 
alanine) to 59±12%, ATP to 96±13% and polyamines (putrescine, cadaverine and spermine) to 
78±10% of the unadapted response (Figure 8A, C).  Only the EOG response to bile salts was 
reduced to control levels (one-way ANOVA; Tukey post hoc, p>0.05).  Depending upon the 
forskolin concentration and the duration of the application, responses to bile salts were initially 
reduced (by ~30%), but recovered during post-adaptation (Figure 8A).  Furthermore, adaptation 
to the mixture of bile salts did not attenuate the response to forskolin (Figure 5B).  The non-
reciprocal cross-adaptation between forskolin and bile salts indicates that forskolin attenuation of 
the bile salt response was not due to competition for the bile salt receptors.  Consistent with these 
data, EOG responses to bile salts were only slightly attenuated during continuous application of 





Polyamines Fail to Increase Integrated Multi-unit Activity 
The EOG and integrated multi-unit activity were recorded from the dorso-medial and 
ventro-lateral areas of the olfactory sensory epithelium during application of 0.1mM L-amino 
acids (arginine, methionine, glutamate and alanine) and polyamines (putrescine, cadaverine and 
spermine; 1-100µM) (n=3 fish).  The L-amino acid mixture elicited a robust integrated multi-unit 
response at all electrode positions (n=8 electrode positions) within the sensory epithelium, but 
polyamines, at all concentrations tested, failed to increase integrated multi-unit activity in either 
lamellar region tested (n=3 fish; Figure 9A).  In contrast to the multi-unit activity, EOG 
responses were robust for both L-amino acids and polyamines and were evident whether or not 
increases in integrated multi-unit activity were detected for all goldfish tested (Figure 9B). 
EOG Responses to Polyamines are not due to the Positive Charges Carried by the Amine Groups 
 The amine groups of the polyamines tested in this study have pKas ranging from 8.9 to 
11.5 which would confer on the polyamines a net positive charge when pH adjusted to match the 
CFTW (pH = 8.7) bathing the olfactory mucosa.  To determine if the excessive positive charges 
of the polyamine molecules were somehow responsible for the large EOG response independent 
of olfactory processes, the olfactory organ was adapted to 1mM L-glutamate (n=2 fish; a 
negatively charged amino acid; pKas=2.2, 4.3 and 9.7) and 1mM glutaric acid (n=2 fish; a 
decarboxylated analog of glutamate; pKas=4.34 and 5.22), respectively, during EOG recordings 
to individual applications of 0.1mM L-arginine, 10µM putrescine, 10µM cadaverine and 3µM 
spermine.  These concentrations reflect those utilized in the electrophysiological cross-adaptation 
experiments.  EOG responses to L-arginine and polyamines persisted in the background of both, 
1mM L-glutamate and 1mM glutaric acid with only slight attenuation (Figure 10A, B).  If 







olfactory epithelium independent of olfactory transduction, then adaptation to 1mM L-glutamate 
or 1mM glutaric acid (negative charge containing compounds) would likely have nullified such a 
charge effect. 
Responses of Olfactory Bulb Units to Polyamines 
 Polyamines elicited inhibitory or null responses from single olfactory bulb neurons, 
which responded excitedly to L-amino acids.  Preliminary single unit recordings of 
spontaneously active olfactory bulb neurons indicated those neurons, which responded excitedly 







Chapter 4. Discussion 
Polyamines are Essential, Naturally Occurring Compounds 
Polyamines (putrescine, cadaverine and spermine) are naturally occurring aliphatic 
polycations found widely distributed in biological materials serving a host of cellular functions 
(Tabor and Tabor, 1984).  Intracellular concentrations of polyamines were reported in the milli-
molar range for most tissues and organisms, but concentrations vary with cell type, health and 
growth cycles (Tabor and Tabor, 1976; Tabor and Tabor, 1984; Ortiz et al., 1983).  In addition, 
increasing concentrations of putrescine and cadaverine were indicated to be correlated with the 
degree of decomposition of certain aquatic animals (Mietz and Karmas, 1978), and are therefore 
likely prevalent in the aquatic environment where teleosts presumably encounter them.  The 
current study provides electrophysiological evidence indicating putrescine, cadaverine and 
spermine are odorants to goldfish and represent a class of odorants distinct from previously 
identified classes of odorants. 
Polyamines are Potent Odorants as Indicated by EOG Recordings, but are Ineffective in Eliciting 
Integrated Multi-unit Responses 
 
EOG dose-response recordings indicate that polyamines are considerably more effective 
odorants for goldfish than either L-amino acids or single amine containing compounds (Figures 
1-3).  At all concentrations tested above threshold (1µM-1mM), polyamines were vastly more 
potent odorants than the most stimulatory amino acid, L-arginine, or the related amines, 
amylamine and butylamine.  However, in contrast to amino acids, polyamines failed to result in 
detectable integrated multi-unit responses recorded from the sensory areas of olfactory lamellae 
(Figure 9).  One possibility for these results is that EOG responses to polyamines may result 
from a charge redistribution caused by the inherent positive charges carried by the amine groups.  
We hypothesized a sufficient negative charge would nullify the positive charge of the 
 
27
polyamines when applied to the olfactory mucosa, therefore, eliminating the resulting EOG 
response to polyamines.  Continuous application of 1mM L-glutamate (a negatively charged 
amino acid) failed to cancel the EOG response to polyamines or L-arginine (a positively charged 
amino acid; Figure 10).  The number of negative charges carried by 1mM L-glutamate would 
have exceeded the positive charges carried by the polyamines (3-10µM) or L-arginine (0.1mM).  
The persistence of the EOG response to L-arginine during continuous application of 1mM L-
glutamate was not surprising, because L-arginine and L-glutamate were indicated to bind to 
separate olfactory receptor sites in teleosts (Caprio and Byrd, 1984; Friedrich and Korsching, 
1997, Speca et al., 1999).   
To further investigate whether negative charge would nullify the positive charge inherent 
to polyamines, glutaric acid, a deaminated analog of glutamate, was continuously applied to the 
olfactory mucosa.  Glutaric acid possesses two negative charges which doubles the single net 
negative charge of L-glutamate.  Continuous application of glutaric acid to the olfactory mucosa 
failed to cross-adapt the EOG responses to the amino acid standard, L-arginine, and to 
polyamines.  Together, these data suggest that the EOG responses to polyamines were not due 
solely to the positive charges of the polyamine molecules. 
A second possibility for why polyamines failed to cause an increase in integrated multi-
unit activity is that polyamines may affect secretory events from goblet cells, the mucus 
secreting cells of the olfactory mucosa.  A prior report (Okano and Takagi, 1974), indicated that 
some chemicals, such as chloroform, applied to the olfactory mucosa resulted in large positive 
EOG responses that were the result of triggering secretory potentials rather than olfactory 
transduction events.  However, we found no reports in the literature to suggest that polyamines 
elicit secretory events from goblet cells. 
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A more likely possibility of why polyamines fail to result in integrated multi-unit activity 
is that the ORNs responding to polyamines may be localized to a particular region of the sensory 
region of the lamellae not investigated in this study.  A recent electrophysiological study of 
responses of the goldfish sensory epithelium to goldfish sex pheromones (gonadal steroids) 
indicated that the ORNs responsible for responding to these stimuli were most numerous in the 
dorso-medial aspect of the sensory epithelium and virtually absent from the ventro-lateral area 
(Sorensen et al., in press, 2002).  A more refined investigation of the recording of integrated 
multi-unit responses from the sensory regions of olfactory lamellae is needed to confirm whether 
or not ORNs responding excitedly to polyamines are localized to a particular sub-region of the 
sensory epithelium. 
Another reasonable possibility to account for the lack of integrated multi-unit 
responsiveness to polyamines is that the specific ORNs that responded excitedly to polyamines 
might be sparsely dispersed across the sensory epithelium such that the tip of the multi-unit 
electrode (~20µm platinum tip; cross sectional area ~300µm2) failed to sufficiently contact these 
ORNs.  Consistent with this hypothesis, optical imaging studies of odorant-induced calcium 
changes in ORN synaptic boutons at the level of the olfactory bulb in zebrafish failed to detect 
calcium influx in response to putrescine application to the olfactory mucosa (Fuss and 
Korsching, 2001), whereas unpublished data (W. Michel, personal communication) indicate that 
polyamines do evoke EOG activity in zebrafish.  Consistent with a sparse distribution of 
polyamine responsive ORNs, a recent study in goldfish indicated that only ~5% of the single 
goldfish ORNs analyzed responded excitedly to polyamines whereas approximately 40% 




Polyamine Olfactory Receptors are Independent from those for Known Odorant Classes and Related 
Compounds 
 
Odorant detection begins with the binding of odorant molecules to seven transmembrane 
domain G-protein coupled receptors located within ciliary and microvillar membranes of ORNs 
(Buck and Axel, 1991; Cao and Stryer, 1998; Speca et al, 1999; Mombaerts, 1999).  The cross-
adaptation paradigm utilized in the current study suggests that polyamines bind multiple types of 
polyamine receptor sites with slightly overlapping specificities for several polyamines.  Adaptation 
to a single polyamine eliminated the EOG response to itself while the responses to other polyamines 
were only moderately reduced (Figures 6 and 7).  These results suggest that goldfish likely possess 
the ability to discriminate, by olfaction, among a variety of polyamines. 
Olfactory receptor sites for polyamines are highly specific for polyamines and not for 
structurally related compounds.  Adaptation to putrescine or cadaverine did not attenuate the EOG 
response to the basic amino acids, L-lysine and L-ornithine (Figures 6 and 7).  These data indicate 
that the addition of an alpha carboxylic acid group to putrescine or cadaverine (resulting in L-
ornithine and L-lysine, respectively) promotes the binding of these compounds to different (i. e. 
amino acid) receptor sites.  Consistent with these data, polyamines were shown to bind with low 
affinity to the olfactory basic amino acid receptor in goldfish (Speca et al, 1999).  In addition, EOG 
responses to single amine containing compounds were not eliminated during adaptation to 
polyamines.  These data suggest that the removal of a single amine from putrescine and cadaverine 
(resulting in butylamine and amylamine, respectively) decreases the affinity of these molecules for 
polyamine receptors.  Therefore, the persistence of the EOG response to single amine containing 
compounds indicates that goldfish likely possess olfactory receptors with the ability to discriminate 
polyamines from single amine containing compounds. 
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The present results in goldfish indicate that polyamines bind to olfactory receptor sites 
separate from those that bind other identified odorant classes, i.e. L-amino acids, bile salts and ATP.  
EOG responses to a mixture of polyamines were not attenuated significantly by adaptation to L-
amino acids, bile salts or ATP, and adaptation to a mixture of polyamines did not attenuate 
significantly the EOG responses to mixtures of L-amino acids, bile salts or ATP (Figures 4 and 5).  
These data suggest that polyamine receptor sites are independent from receptor sites for three 
identified odorant classes.  This study, however, does not exclude the possibility that polyamines 
bind receptor sites for other goldfish odorants, such as prostaglandins and/or gonadal steroids.  This 
possibility, however, seems rather remote as polyamines elicit feeding behavior (oral snapping, 
pecking and food search activity) when presented to goldfish in behavioral experiments (P. 
Sorensen, personal communication), whereas reproductive behavior would be expected if 
polyamines shared receptor sites with either gonadal steroids or prostaglandins (Sorensen, 1992). 
Second Messenger Pathways in Polyamine Odorant Transduction 
Subsequent to receptor activation, cytosolic second messengers increase via heterotrimeric 
G-protein modulation of enzymatic activity resulting in odorant-induced sensory transduction 
currents.  The cAMP and IP3 second messenger pathways are well established in the olfactory 
system (Bruch, 1996; Schild and Restrepo, 1998).  The current study found no evidence linking the 
cAMP pathway to polyamine odorant transduction (Figure 8).  Continuous application of forskolin 
(an adenylate cyclase activator) to the olfactory mucosa reduced the EOG response to a mixture of 
bile salts to control levels while responses to L-amino acids, polyamines and ATP persisted.  Due to 
the differential effects of forskolin on EOG responses to L-amino acid, bile salt, polyamines and 
ATP, these data suggest that the cAMP pathway is utilized by ORNs responding to bile salt odorants 
while those responding to L-amino acids, polyamines and ATP utilize a non-cAMP pathway. 
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The effects of forskolin on bile salt responses might have occurred via multiple 
mechanisms.  Direct activation of adenylate cyclase by forskolin could have effectively saturated 
enzymatic activity reducing the number of enzymes available for receptor activation.  Alternatively, 
protein kinase A activation by elevated cAMP concentrations could have desensitized the bile salt 
receptors (Boekhoff and Breer, 1992; Schleicher et al., 1993).  Also, increased cytosolic cAMP 
concentrations could have opened cyclic nucleotide gated channels elevating intracellular calcium 
concentrations leading to increased channel susceptibility to intracellular calcium block (Frings et 
al., 1992; Blasubramanian, 1996) and decreased affinity of the cyclic nucleotide-gated channel for 
cAMP (Kramer and Siegelbaum, 1992).  It is possible that forskolin might have competed for bile 
salt receptors; however, continuous application of bile salts to the olfactory mucosa did not reduce 
the EOG response to forskolin (Figure 5B).  Also, continuous application of 1,9-deoxyforskolin (an 
inactive analog of forskolin) did not attenuate the EOG response to bile salts (Figure 8B).  These 
data indicate that the effects of forskolin on the bile salt response are likely due to its ability to 
stimulate adenylate cyclase activity rather than by acting via receptor competition. 
The current study suggests that goldfish ORNs conveying bile salt information to the 
olfactory bulb utilize the cAMP second messenger pathway for sensory transduction, which is 
consistent with the results from similar studies in the zebrafish (Michel, 1999).  However, species 
differences may occur as the IP3 pathway was reported to be involved in the transduction of bile salt 
odorant information in the Atlantic salmon (Salmo salar) (Lo et al., 1994).  Preliminary data 
suggests that polyamine odorant transduction is independent of the IP3 pathway but more data are 
needed to confirm these observations.  Therefore, polyamines may be transduced by a pathway not 
considered here.  Olfactory transduction is not exclusively mediated by the cAMP and IP3 pathways.  
Although the time course is on the order of seconds (too slow for primary olfactory transduction), 
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the nitric oxide/cGMP transduction pathway was indicated to mediate adaptive processes in the rat 
and rabbit (Breer and Shepherd, 1993). 
Spermine Attenuation of Odorant Responses 
Polyamines were indicated to modulate a variety of ion channels, including Kir channels 
(Fakler et al., 1994; Lopatin et al., 1994; Ficker et al., 1994), glutamate receptor channels (Bowie 
and Mayer, 1995; Donevan and Rogawski, 1995; Kamboj et al., 1995), voltage-gated calcium and 
potassium channels (Droiun and Hermann, 1994), KATP channels (Niu and Meech, 1998), calcium-
activated potassium channels (Weiger et al., 1998), nAchR channels (Haghighi and Cooper, 1998) 
and retinal rod cyclic nucleotide gated channels (Lu and Ding, 1999).  Intracellular putrescine and 
intra- and extracellular spermine were also indicated to attenuate the conductance of the rat olfactory 
cyclic nucleotide-gated (CNG) channel (Lynch, 1999; Nevin et al., 2000).  Spermine and putrescine, 
both of which were applied to the extracellular surface of the goldfish olfactory sensory epithelium 
in this study as odorant molecules, would have contacted and could have directly affected the 
conductance of those channels involved in olfactory transduction.  EOG responses to L-lysine, L-
arginine and L-ornithine were attenuated during continuous application of spermine (2-7µM) to the 
olfactory mucosa (Figures 6C and 7C), but these amino acids were not attenuated by putrescine 
application (9-50µM) (Figures 6A and 7A).  Although CNG channels have been implicated in teleost 
olfaction (Ngai et al., 1993; Bruch and Teeter, 1990), the majority of the evidence in teleosts 
suggests that amino acid odorant information is transduced primarily by the IP3 signaling pathway 
(Huque and Bruch, 1986, Restrepo et al., 1993, Lo et al., 1993, Ma and Michel, 1998, Speca et al., 
1999).  Therefore, the most likely explanation (i.e. speculation) for spermine attenuation of EOG 
response to amino acids is that spermine modulates an IP3 pathway specific channel, i.e. the IP3-
gated cation channel. 
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What consequences would modulating a second messenger-gated cation channel have on 
olfactory sensory transduction?  Subsequent to second messenger (cAMP or IP3) binding to second 
messenger gated cation channels, Na+ and Ca2+ conductances through the channels increase, which 
initiates the current necessary for depolarization.  Calcium then activates Ca2+-gated Cl- channels 
completing depolarization.  Spermine block of either the cAMP or IP3 gated channel would directly 
decrease calcium influx while simultaneously attenuating chloride efflux.  Hence, decreased current 
flow results in decreased ORN excitability, which may possibly explain the slight depressing effect 
of spermine on the amino acid response. 
Current Data Supporting Polyamines as a Sixth Class of Odorant 
The present and concurrent studies provide strong evidence for polyamines as a sixth class 
of odorants to goldfish.  Single ORNs of goldfish respond excitedly to polyamines (Sato and 
Sorensen, in press, 2002).  Further, single olfactory bulb neurons of goldfish that respond excitedly 
to L-amino acids can be inhibited by polyamines (present results).  Together, these results suggest 
that the initial stages of the goldfish olfactory system (olfactory epithelium and olfactory bulb) are 
responsive to polyamines, and it is likely that polyamine odorant information will be passed on to 
higher olfactory centers that modulate olfactory-induced behavior.  Further, behavioral experiments 
indicate that goldfish respond with food-search behavior when presented with putrescine and 
spermine (Rolen et al., 2001).  In addition, in Y-maze experiments, goldfish spend more time in that 
branch of the maze scented with putrescine or spermine compared to that scented with control water 
(Rolen et al., 2001).  These studies provide strong evidence to indicate polyamines are a class of 
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